Abstract. With the depletion of oil reserves and increase in oil price, the enhanced oil recovery methods such as polymer flooding to increase oil production from waterflooded fields are becoming more attractive. Effective design of these processes is challenging because the polymer chemistry has a strong effect on reaction and fluid rheology, which in turn has s strong effect on fluid transport. Polymer flow characteristics modeled in IPARS are adsorption on rock surface, polymer viscosity as a function of shear rate, polymer and electrolytes concentrations, permeability reduction, and inaccessible pore volume. A time-splitting algorithm is used to "independently" solve the advection, diffusion/dispersion, and chemical reactions.
1.
Introduction. Numerical simulation of multiphase flow and reactive transport in porous media includes a rich collection of coupled nonlinear processes with multiple spatial and temporal scales. These models are widely applied in petroleum engineering, groundwater hydrology, environmental engineering and chemical engineering. Significant mathematical and computational challenges are imposed by realistic simulations for simultaneous convection, diffusion, dispersion, and chemical reactions. An interesting example that is attracting much interest in the petroleum industry is polymer flooding. This enhanced oil recovery process has been used for many years to increase the efficiency of water flooding through greater volumetric sweep efficiency and reducing channeling and early water breakthrough. It is well knows that polymer flooding increases oil recovery by increasing the water viscosity and reducing permeability. Many researchers also suggest that polymer flooding may reduce the relative permeability of water phase [2] [8] [21] . Recent study shows that the polymer flooding residual oil saturation is lower than the waterflood residual oil saturation, when polymer flooding is employed right after primary production or at early stages of waterflood [10] . Polymer are characterized by specific 2. Two-phase Flow in Porous Media. The governing equations for two-phase flow in porous media are given by
where N o , ρ o , P o , q o , k ro , µ o , ρ w , q w , µ w , k rw , P c , φ, €   K , g, D are oil concentration, oil density, oil pressure, oil source term, oil relative permeability, oil viscosity, water density, water source term, water source term, water viscosity, water relative permeability, capillary pressure, porosity, permeability tensor, the magnitude of gravity, and the depth, respectively. The governing equations are solved over a spatial domain Ω and for t > 0. Initial and boundary conditions are specified to close the system. The governing equations are discretized in space by the expanded mixed finite element method [1] using the lowest order RaviartThomas spaces defined over a rectangular grid. Time discretization applied is backward Euler method. The discretization details are outlined in [15] and [18] .
3. The Reactive Transport.
Mass Conservation Law.
The mass conservation law is first described for a species in stationary phase s and flowing phases. More precisely, the mass balances of species i in stationary phase s is given by
where the source terms include contributions from interphase transfer 
where the diffusion-dispersion tensor €   D iα is the sum of molecular diffusion and mechanical dispersion. The molecular diffusion
3.2 Phase-Summed Transport Equations. Summing (3) over all flowing phases, we obtain the phase-summed transport equation for species i in the flowing phases
where the following phase-summed variables are defined for convenience
Equation (7) is solved by applying a time splitting algorithm, which is presented in following section. 
where . Direct solution of (8) is practically impossible. Therefore a time-splitting algorithm is used to "independently" solve the advection, diffusion/dispersion, and chemical reaction, which means each subproblem delivers intermediate values of
steps of this algorithm are described below. More details about this algorithm can be found in [4] , [14] and [18] .
Advection. The equation solved in advection step is of the form
Computational results in Section 5 are obtained solving (9) using first order Godunov method with upstream weighted concentrations. The upstream first order scheme was chosen for polymer flooding to eliminate the numerical oscillations with no need for a slope limiting scheme. A later study will include a higher order advection scheme such as higher order Godunov and/or a discontinuous Galerkin scheme. Let
10)
The intermediate values of concentrations after the advection step is computed from
by standard explicit ODE integration. Currently, three schemes are implemented, the Forward Euler first-order scheme, second-order Runge-Kutta and fourthorder Runge-Kutta. If Forward-Euler first-order scheme is used, the (12) becomes
Radionuclide decay reaction and the adsorption can be handled as chemical reaction. In this case, (13) becomes
3.3.4 Diffusion/Dispersion. In diffusion/dispersion step, we solve
implicitly with respect to concentrations by solver. The equation after discretizing in time is given by
4. Polymer Properties Modeling. Polymer flooding modeling is based on following assumptions:
• Isothermal conditions;
• No polymer degradation such as chemical, mechanical, and biological degradation is modeled;
• No chemical reactions between polymer and formation brine, oil, and any other components in water phase; • Polymer only exists in water phase;
• Polymer does not change the density of water phase;
• Polymer does not affect the rock porosity, which means the volume of adsorbed polymer is negligible; • Polymer is treated as mono-species without molecular weight distribution, so no chromatographic phenomenon occurs in porous media; • The adsorption of polymer on rock surface is assumed locally equilibrium.
4.1 Adsorption. Polymer adsorption is assumed irreversible with polymer concentration and reversible with salinity concentration. A Langmuir-type isotherm model is used to describe the polymer adsorption onto the rock surface [9] . The adsorbed concentration of polymer is a function of polymer concentration, salinity, and permeability given by 4.2 Viscosity. The modified Flory-Hugging equation [7] is used to calculate polymer viscosity at zero shear rate € C SEP on a log-log plot.
Meter's equation [13] is used to model the shear thinning behavior of polymer solution. The apparent viscosity of polymer solution, € µ P , is given by 
€  u w (in ft/day) is the magnitude of the water phase velocity computed as 
where Figure 1 shows the permeability distribution and well locations. Table 1 gives the reservoir description and fluid properties. Capillary pressure is neglected and Brook-Corey type relative permeability is used.
Figure 1. Permeability distribution and wll locations
The Polymer solution is continuously injected with variable flow rate for 742 days followed by a chase water flood. The injection scheme and polymer concentration grading are shown in Figures 2 and 3 . The producers are pressure constrained with bottomhole pressure of 300 psi. The wells penetrate through the entire reservoir thickness. Table 2 gives the polymer model input parameters. Table  3 gives grid information. Capillary pressure is neglected and Brook-Corey type relative permeability is used. There are 10 injectors and 7 producers forming a 7-spot well pattern. The well locations are adjusted with the grids to make sure every well is located in the center of the grid. Figure 7 shows the permeability distribution and the well locations for the finest grid (Grid02) and the coarsest grid (Grid04). Injectors are rate constrained and the injectors on the boundary are treated as half a well where their injection rates are half of that of the central injector. The producers are pressure constrained with the bottomhole pressure of 300 psi. The injection starts with water preflush for 300 days (about 4PV) until the overall water cut from all producers reaches 0.98; a slug with 0.15wt% polymer is then injected for 220 days (about 1PV) at a lower injection rate; followed by water postflush for 80 days. These simulations were performed on Bevo's cluster located in the Center for Subsurface Modeling. The cluster has 90 dual-core AMD Athlon processors with a core frequency of 2.00 GHz and memory of 2 GB per core. The number of processors and the CPU time used are also shown in Table 3 . The modeled polymer properties are presented in Figures 8 through 10 . The low shear polymer viscosity corresponding to the injected polymer concentration 0.15wt% is about 12cp (Figure 8 ). The non-Newtonian shear thinning behavior is indicated in Figure 9 , where the viscosity is reduced to about 4cp at shear rate about 100 sec -1 . We use low polymer adsorption about 7 µg/g shown in Figure   10 . 
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The cumulative oil recovery, average oil saturation, and the overall oil cut are shown in Figures 11 through 13 . The oil cut increases significantly when the polymer flood starts (Figure 13 ) demonstrating an increase in final oil recovery ( Figure 11 ) with corresponding reduction in average oil saturation (Figure 12) . Simulations with finer grids in areal direction yield higher oil recovery than those using higher vertical resolution. The cases with fewer vertical layers yield higher oil recovery due to less permeability contrast as a result of property averaging and better vertical equilibrium. The results indicate that even waterflood results show great sensitivity to the choice of the grid as a result of single phase upscaling procedure for reservoir properties. Complex non-Newtonian polymer flow is implemented in a multiphase flow and reactive module of IPARS and solved using efficient timesplitting algorithm to independently solve the advection, diffusion/dispersion, and chemical reactions. To the best of our knowledge, this is the first time that such a comprehensive polymer module is implemented in a parallel reservoir simulator. 2. Polymer properties include power law viscosity, adsorption, inaccessible pore volume, and permeability reduction. 3. Results were validated against an IMPES chemical flood simulator. 4. Fine-scale simulations were performed using up to 24 processors. 5. Simulations with finer grids in areal direction yield higher oil recovery than those with more vertical resolution. The simulations with fewer vertical layers yield higher oil recovery due to less permeability contrast as a result of averaging and better vertical communication. 6 . The results indicate that even waterflood results show great sensitivity to the choice of the grid as a result of single phase upscaling procedure for reservoir properties. 7. We need to develop scale up strategy for non-Newtonian fluid behavior for typical grid sizes used in field-scale simulations.
